Reproductive success requires animals to adjust social and sexual behaviors in response to changes in environmental resources. The hypothalamicpituitary-gonadal (HPG) axis is critical for animals to time sexual behaviors to match the availability of essential resources (e.g., breeding territory, rainfall, food, and mate availability (Wingfield and Kenagy 1991; Calisi et al. 2011; Watts and Hahn 2012; Williams 2012; Davies et al. 2015) ). Acquiring limited environmental resources stimulates the HPG axis, after which animals begin responding to potential mating stimuli with courtship, approach behavior or copulation solicitation (e.g., Wingfield and Farner 1980; Wingfield and Kenagy 1991; Zann et al. 1995; Riters et al. 2000; Maruska and Fernald 2010; Spool et al. 2016) . A stimulus that activates approach behaviors is considered an incentive (Berridge and Robinson 1998; Ikemoto and Panksepp 1999; Berridge 2004 ). Thus, these behavioral changes suggest that resource acquisition alters the incentive value or salience (i.e., the attractiveness) and perhaps the reward value of mating stimuli. However, little is known about how neuroendocrine systems and systems underlying sexual motivation and reward adaptively alter reproductive behavior in response to critical environmental resources.
In this review, we address this topic in the context of female songbird mating decisions, which are exquisitely coordinated with the emergence of resources that optimize breeding success (Ettinger and King 1981; Ball and Ketterson 2008; Watts and Hahn 2012; Wingfield et al. 2012) . We first review the resource-dependent breeding behavior of female songbirds, and introduce female European starlings (Sturnus vulgaris) as a highly tractable system in which to address the effects of environmental resources on physiology and the brain. We then review neural systems that underlie female songbird responses to male courtship song and evidence tying environmental resources to physiological and neural changes that modulate the attractiveness and reward value of male song. Finally, we consider mechanisms by which environmental resources could cause changes in the attractiveness and reward value of male courtship song to female songbirds.
Resource-dependent breeding behavior in female songbirds
Both male and female songbirds use photoperiod as an initial predictive cue of the breeding season (Wingfield and Farner 1980; Dawson et al. 2001) . It has been suggested that, in contrast to male songbirds, many female songbirds require additional supplementary cues in the environment to initiate breeding, as bad investments in breeding for the egg-laying sex are costly (reviewed in Nager (2006); Ball and Ketterson (2008); Caro et al. (2009) ). To date, the mechanisms controlling the timing of breeding in female songbirds are unresolved (e.g., Davies and Deviche (2014) ); however, several studies demonstrate that resources (and the cues predicting resource emergence) enhance activity in the HPG axis which may fine-tune female decisions to breed. For example, manipulating access to preferred food and water for females housed in captive and seminatural housing can alter measures of breeding physiology such as plasma luteinizing hormone and the size of ovarian follicles in some songbird species (Ettinger and King 1981; Watts and Hahn 2012; Wingfield et al. 2012) . Furthermore, experimentally increased temperatures in mid-latitude breeding female white-crowned sparrows can also increase luteinizing hormone, ovarian follicle size, and the development of a brood patch (Wingfield et al. 1997; Wingfield et al. 2003) .
It is well understood that increases in HPG activity stimulate female sexually-motivated behaviors (reviewed in Pfaus (2009); Stolzenberg and Numan (2011) ). In songbirds, for example, females given implants of estradiol, but not females given empty implants or no implants, perform copulation solicitation displays in response to male courtship song (Searcy and Marler 1981; Moore 1983; LeBlanc et al. 2007 ). Thus, increases in HPG activity facilitated by the availability of environmental resources may stimulate female sexually-motivated responses to male courtship song, which may have the effect of adjusting the timing of breeding events. The neural mechanisms that underlie female sexually-motivated responses to changes in environmental resources, however, remain unknown.
Female starlings are a powerful system in which to identify neural mechanisms connecting environmental resources to sexually-motivated behaviors, such as the response to male courtship stimuli. Starlings nest in holes or cavities, which are limited resources in the wild (Kessel 1957; Feare 1984) . At the onset of the spring breeding season, both male and female starlings explore potential nest sites (Kessel 1957) . Without access to a nest cavity, females have nowhere to deposit eggs and therefore cannot breed (Feare 1984) . Female starlings approach speakers broadcasting male courtship song from a nest cavity in the field or laboratory (Mountjoy and Lemon 1991; Mountjoy and Lemon 1996; Gentner and Hulse 2000; Pawlisch and Riters 2010) , suggesting that male courtship song is salient and attractive to females (i.e., it induces a state of sexual motivation or "wanting", reviewed below ). Female starlings can also form a preference for a chamber in which they previously heard male courtship song, indicating that hearing male courtship song may be rewarding (i.e., it can induce a positive affective state or "liking"; reviewed below Berridge and Robinson (1998) ; Riters et al. (2013); Tzschentke (2007) ).
Some female starlings engage in high levels of nest cavity exploration, repeatedly entering, exiting, and defending nest holes from other females by singing territorial song (Kessel 1957; Pavlova et al. 2007; Ellis and Riters 2013a) . These females also demonstrate positive responses to male courtship song (i.e., they develop a preference for a location in which they heard male courtship song; Riters et al. (2013) ). In contrast, other females do not explore or defend nest cavities, possibly because they are not motivated to do so or because they are prevented from doing so by more dominant females (Sandell and Smith 1997; Pawlisch et al. 2012; Ellis and Riters 2013b) . These females do not display positive responses to male courtship song . The different tendencies of females with and without nest sites to respond to male courtship song suggest differences must exist in neural systems underlying sexual motivation ("wanting") and reward ("liking").
Neural systems underlying female responses to male song Dopamine and sexually-motivated responses to courtship song or "wanting" Across vertebrates, the neuromodulator dopamine is proposed to underlie motivated, seeking behaviors (i.e., approach behavior, or "wanting", which is distinct from a hedonic "liking" of a stimulus, reviewed below) (Berridge and Robinson 1998) . This hypothesis is supported by studies on feeding, sexual behavior, and the use of drugs of abuse (Kelley and Berridge 2002; Berridge 2009; Kleitz-Nelson et al. 2010; Hull 2011) , as well as studies on the production 836 J. A. Spool and L. V. Riters of male birdsong (Sasaki et al. 2006; Hara et al. 2007; Huang and Hessler 2008; Kubikova and Kostal 2010; Riters 2012) . Here, we focus on the role of dopamine in sexually-motivated responses to male courtship stimuli.
Dopamine is central to the control of female songbird sexually-motivated responses to male courtship song (i.e., "wanting" induced by male courtship stimuli). For example, pharmacological stimulation of dopamine receptors caused female starlings to approach a song stimulus that would normally not be attractive. Specifically, peripheral injection of a non-selective, dopamine reuptake inhibitor (i.e., an indirect dopamine receptor agonist (GBR-12909; Andersen 1989) eliminated selective female responses to male starling song played from nest boxes (i.e., human-made nest cavities) and caused female starlings to respond more to non-biologically relevant male purple martin song (Pawlisch and Riters 2010) (Fig. 1 ). This may indicate that the use of GBR-12909 to artificially increase dopamine receptor activity during playback of non-sexually relevant song transforms a previously unattractive stimulus into one that induces approach behaviors.
Based on peripheral pharmacological manipulations it is not clear where in the brain dopamine is acting to modify female responses to song. Studies indicate that dopamine metabolites in auditory forebrain regions increase in response to hearing song in female white-throated sparrows and starlings (Sockman and Salvante 2008; Matragrano et al. 2012) . Dopamine in these regions is proposed to play a role in auditory responses; however, there are no data to suggest that parts of the auditory forebrain pathway tested so far generate the motivation underlying responses to acoustic stimuli. For example, females with lesions to auditory forebrain regions respond at high rates to song stimuli, albeit indiscriminately (Brenowitz 1991; Burt et al. 2000; Maguire et al. 2013) . Instead, brain regions in which dopamine modifies sexuallymotivated female behaviors may work in tandem with auditory regions to regulate female responses to courtship song.
Mesolimbic dopaminergic projections from the ventral tegmental area to the nucleus accumbens (NAc) have been best studied for their role in motivation (e.g., Ikemoto and Panksepp (1999) ; Baldo and Kelley (2007) ; Richard et al. (2013) ). The mesolimbic system also interacts with hypothalamic and forebrain regions, including the ventromedial hypothalamus (VMH) and medial preoptic area (mPOA) to regulate female sexually-motivated behaviors (Stolzenberg and Numan 2011; McHenry et al. 2017) . Dopamine concentrations in NAc in female rodents increase in association with anticipatory, proceptive female sexual behaviors (Meisel et al. 1993; Mermelstein and Becker 1995; Pfaus et al. 1995; Becker et al. 2001) . Additionally, in female rats concentrations of dopamine are highest in association with mating that is highly rewarding (i.e., paced mating) compared to mating that is not rewarding (non-paced mating) (Meisel et al. 1993; Mermelstein and Becker 1995; Pfaus et al. 1995; Becker et al. 2001) . Dopamine, or its metabolites, in mPOA also increases during proceptive female rat sexual activity (Matuszewich et al. 2000) , and dopamine receptor manipulations in mPOA influence female rat sexually-motivated behaviors in a complex, receptor-subtype-dependent manner (Graham and Pfaus 2012) . In the VMH, dopamine receptor agonists stimulate receptive female sexual behavior (i.e., lordosis) (Apostolakis et al. 1996) .
The NAc, mPOA, and VMH are implicated in female responses to male sexual stimuli in birds (Gibson and Cheng 1979; Meddle et al. 1999 ). In female white-throated sparrows with high ovarian steroid concentrations (i.e., females in breeding condition), playback of male courtship song stimulated immediate early gene activity in each of these regions (Earp and Maney 2012; Maney et al. 2008) . Dopamine markers are dense within these regions in birds as in mammals (e.g., Alger et al. (2011); Bottjer (1993) Resources and female motivational state 837 reuptake inhibitor GBR-12909 increased numbers of cFOS labeled cells in VMH at the same dose that altered female selective responses (i.e., exploration of the nest box from which songs were broadcast) to male starling song (Pawlisch and Riters 2010) , suggesting that dopamine acting in the VMH may modulate the motivation for females to respond to salient courtship stimuli. Female zebra finches had denser immunolabeling for tyrosine hydroxylase (TH; an enzyme critical for both dopamine and norepinephrine synthesis) in NAc when housed with a male compared to a female for 3 weeks (Alger et al. 2011) . Furthermore, TH immunolabeling in VMH as well as the ventral tegmental area correlated positively with the amount of courtship a female received from her partner (Alger et al. 2011) . Although in a study of female zebra finches, playback of song stimuli did not alter dopamine or its metabolites in NAc (Svec et al. 2009 ), the TH labeling study suggests that the receipt of courtship displays over time may alter dopamine (and/or norepinephrine) synthesis in the ventral tegmental area where NAc dopaminergic projections originate.
Motivational state and opioid reward ("liking") induced by male courtship song Past studies in songbirds indicate that hearing song can be rewarding, with several studies demonstrating that song can serve as a primary reinforcer during operant conditioning (Adret 1993; Tchernichovski et al. 1999) . For example, songbirds, including female starlings, can learn to land on specific perches to trigger playback of conspecific songs (Stevenson 1967; Dobson and Petrinovich 1973; StevensonHinde and Roper 1975; Gentner and Hulse 2000; Riebel 2000) .
In general, the reward value of a stimulus can be influenced strongly by an individual's motivational state. For example, rat pups are rewarding to postpartum but not to virgin female rats (Fleming et al. 1994) , and food is also more rewarding to hungry than sated rats (Figlewicz et al. 2007; Davis et al. 2010) . If, in female starlings, the reward value of hearing male courtship song is linked to motivational state, variation in female motivational state (as reflected in females that do or do not explore potential nest cavities) should predict reward induced by playback of male courtship song.
To test this prediction we used a conditioned place preference (CPP) test of reward to determine the extent to which reward induced by hearing male courtship song differed in female starlings that explored nest cavities (i.e., sexually-motivated females) compared with those that did not (i.e., non-sexuallymotivated females; Riters et al. (2013) ). Briefly, females were first allowed to freely explore two distinctly decorated sides of a CPP apparatus (i.e., a standard bird cage). The following day each female was confined to one side of the apparatus and played either male courtship song or exposed to silence. Approximately 4 h later, each female was placed into the other side of the apparatus and exposed to song or silence (whichever a female had not experienced previously). The following day, females were allowed to explore each side of the apparatus and the amount of time they spent on each side was recorded. If hearing male courtship song induces a positive affective state, we predicted that females would develop a preference for the side of the apparatus in which they were played male courtship song (i.e., a CPP) and later, when given a choice, they would spend more time on that side of the apparatus (for detailed methods, see Riters et al. (2013) ). We found that females that explored nest cavities developed a strong preference for the distinct chamber in which they were previously exposed to male courtship song; females that did not explore nest cavities displayed no such preference ( Fig. 2A) . These findings indicate that the reward induced by hearing male courtship song is linked to individual differences in a female's sexually-motivated state. This interpretation is further supported by a strong, positive, linear correlation found between the reward induced by song (i.e., CPP) and measures of the extent to which females physically explored nest cavities (i.e., the number of times a female entered a nest box) during 15-min observations on 4 days prior to conditioning (Fig. 2B) .
The reward value of hearing courtship song and an individual's motivational state are regulated by different neurochemical systems. For example, as reviewed above, dopamine is proposed to underlie an individual's motivational state, or the "wanting" (i.e., the attractiveness) of male courtship song. In contrast, opioids are one neurochemical system implicated in the "liking" (i.e., reward value) of courtship stimuli. In particular, opioids that act at mu opioid receptors have been repeatedly demonstrated to underlie "liking" associated with receipt of a reward (Agmo and Berenfeld 1990; Agmo and Gomez 1991; McBride et al. 1999; Kelley and Berridge 2002; Pecina et al. 2006; Garcia-Horsman et al. 2008) . Low levels of opioid activity appear to facilitate increases in sexually-motivated behaviors (Kelm-Nelson et al. 2013) , whereas high levels of opioid activity induce reward but also a state of satiety, temporarily inhibiting reward-seeking behaviors (Agmo and Berenfeld 1990; Pfaus 2009 ). This is consistent with a study in female white-crowned sparrows, which showed that control-treated females (females presumably exposed to an intermediate level of natural opioid activity) displayed some sexuallymotivated responses to playback of male courtship song (Maney and Wingfield 1998) . In contrast, females treated with the non-selective opioid receptor antagonist naloxone showed greater responses to male courtship song; whereas, females treated with beta-endorphin (which has high affinity for and stimulates mu opioid receptors; Selley and Bidlack (1992) ) displayed significantly reduced responses to male courtship song (Maney and Wingfield 1998) .
The mPOA and VMH are two potential sites in which opioids may act to control the reward induced by hearing male courtship song. In female rats, direct infusion of naloxone into VMH or mPOA, but not NAc, blocks reward induced by paced-mating activity (Garcia-Horsman et al. 2008) , implicating opioids in VMH and NAc in rewarding sexual behaviors. In female starlings, measures of immunolabeling for the opioid enkephalin (which binds to both mu and delta receptors) in VMH correlated positively with the CPP measure of song-induced reward (Fig. 3) , suggesting that opioids in the VMH may also contribute to song-induced reward. The ventral tegmental area is also a site in which opioids act to induce reward and to influence dopamine activity and motivational state (Kelley et al. 1980; Pitchers et al. 2014; Fields and Margolis 2015) . However, the extent to which opioids and dopamine interact in the ventral tegmental area to modulate female "liking" and "wanting" induced by male courtship song has yet to be examined.
Estradiol, nest cavities, and female responses to male courtship song Estradiol stimulates sexually-motivated female responses to male courtship song (Maney 2013) , and both mPOA and VMH appear to be important sites in which estradiol acts to facilitate female Fig. 2 Male song is rewarding only to females that enter nest boxes. (A) CPP measure of reward ¼ mean (þSEM) time (seconds) spent (in the absence of song playback) on the side of a CPP apparatus previously paired with song (minus the baseline preference for that side during a habitation period). Females that entered a box at least twice during the study (black bars) spent more time in a chamber in which they previously heard male courtship song (i.e., they developed a CPP). Females that did not enter a box more than twice (gray bars) did not develop a song-induced CPP. Asterisk indicates P < 0.05. (B) Scatterplot illustrating the relationship between the number of times a female entered a nest box and the CPP measure of song-induced reward. Each point represents data from a single bird. Only females that entered nest boxes are shown. Solid regression line highlights a significant beta (P < 0.05). Dashed lines indicate no preference. Figure reproduced from Riters et al. (2013) . Resources and female motivational state 839 sexual behavior in birds and mammals, including songbird responses to male song (Gibson and Cheng 1979; Veney and Rissman 2000; Maney et al. 2008) . Studies also show that estradiol influences dopamine-and opioid-related gene expression in the mPOA, VMH, and NAc (e.g., Shimizu and Bray (1993) (2015)).
As introduced above, studies show that environmental resources can increase HPG activity (Ettinger and King 1981; Watts and Hahn 2012; Wingfield et al. 2012) , and increased HPG activity (e.g., increases in estradiol) can modulate dopamine and opioid activity in brain regions that control the female response to male song. Thus, it is possible that for female starlings, nest cavities modify neural systems involved in motivation and reward through increases in estradiol to stimulate female responses to song. However, some of our past work shows that even when estradiol concentrations are controlled, female starlings that acquire nest cavities have higher met-enkephalin (mENK) labeling in VMH and mPOA ( Fig. 4A and B) and TH in NAc than females that do not (Pawlisch et al. 2012; Riters et al. 2013) . This raises the possibility that both estradiol and a nest cavity additively or synergistically alter dopamine and opioid activity to stimulate female responses to song. In future studies, manipulating estradiol and female access to nest cavities will provide insight into the nature of these relationships.
How might environmental resources trigger physiological and neural changes to alter female responses to male courtship song? Among several possible mechanisms by which environmental resources may impact female responses to male song, one possibility is that physical exploration of resources (i.e., more than visual or olfactory cues alone) leads to changes in breeding physiology and neural systems underlying the attractiveness (i.e., the motivation to approach, "wanting") and reward value ("liking") of hearing male courtship song. Sensory systems and thalamic nuclei are coupled to brain regions controlling sexual motivation and reward (e.g., mPOA, NAc) in various species (Simerly and Swanson 1986; Balthazart et al. 1994; Ohkura et al. 1997; Kirouac 2015) . This suggests that pathways may exist independent of the HPG axis by which physical exploration of resources alters neural circuits that control the attractiveness and reward value of male courtship song to female songbirds. Future studies are now needed to gain insight into possible functional pathways, for example by combining manipulations of animal exploration of resources with tract-tracing and labeling for immediate-early-genes, opioid, and dopamine markers.
Above, we have reviewed studies showing differences in opioid and dopamine systems between females that explore or do not explore nest cavities. However, varying degrees of nest cavity exploration may explain individual variation in motivational state ("wanting") and reward ("liking") induced by male courtship stimuli. For example, the number of times a female starling entered a nest box was correlated with reward induced by male song (i.e., CPP) (Fig. 2B) , and enkephalin labeling in the VMH correlated positively with this CPP measure of songinduced reward (Fig. 3) , as well as the number of times a female starling entered a nest box (a similar trend was also observed in mPOA ; Fig. 4C and D) . With respect to dopamine, previous work has identified linear positive correlations between female physical exploration of nest boxes and TH in NAc (Fig. 5) . It is likely that there are pre-existing differences that make some females more motivated to explore nest cavities at the beginning of the breeding season (e.g., elevated HPG activity, high dopamine activity in the NAc, low opioid activity in the VMH and mPOA); however, it is also possible that in female starlings, physical exploration of nest cavities further (1) increases HPG activity, (2) alters the reward value of male song by altering opioid activity in the VMH and mPOA, and (3) alters the attractiveness of male courtship song by altering dopamine activity in NAc.
This latter possibility would be similar to past studies indicating that a female's own behavior can fine-tune the onset of breeding. For example, in the presence of a suitable mate and nest material, nestbuilding behaviors in female canaries stimulate reproductive development (e.g., egg and brood patch development) (Hinde and Warren 1958; Warren and Hinde 1961) . Reproductive self-stimulation has also been observed in ring dove "nest-coo" displays, in which a female's own calls stimulate development of her ovarian follicles (Cheng 1986 ). In female ring doves, hearing their own nest-coos increases circulating luteinizing hormone and also activates neurons in mPOA (Ohkura et al. 1997; Cheng et al. 1998) .
It may also be that rather than directly stimulating changes in breeding physiology and neural systems, the exploration of environmental resources removes a "brake" on reproductive development. For example, environmental stress due to captivity or lack of breeding resources suppresses HPG activity and ovarian development by release of gonadotropininhibitory hormone in central and peripheral tissues (Dickens and Bentley 2014; Wingfield et al. 2016) , and this "brake" may be tempered by the presence or exploration of critical breeding resources. Low social status also suppresses female breeding behavior in a number of species (Abbott 1987; Faulkes et al. 1990 ; 
Gerlach 2006)
. Thus, future research should also account for factors that discourage animals from exploring environmental resources in the first place.
The next steps in this line of research will be to determine the effects of experimental manipulations of female access to nest cavities on estradiol levels, and opioid and dopamine gene and protein markers. Additionally, future work is needed, using targeted manipulations of dopamine and opioid synthesis or release in the NAc, mPOA, and VMH to determine causal roles for dopamine and opioids in controlling the attractiveness and reward value of male courtship stimuli to female songbirds.
